Objectives: Environmental enteric dysfunction (EED), a clinically asymptomatic condition characterized by inflammation of the small bowel mucosa, villous atrophy, and increased gut permeability, is common among children in developing countries. Because of abnormal gut mucosa and altered gut microbiome, EED could potentially affect the metabolism and enterohepatic circulation of bile acids. Methods: In 313 children, aged 12 to 59 months, EED was assessed by the dual sugar absorption test. Serum bile acids were measured using stableisotope liquid chromatography-tandem mass spectrometry. Results: In the overall study population, serum cholic acid and chenodeoxycholic acid were lower, whereas glycocholic acid, taurodeoxycholic acid, glycodeoxycholic acid, glycolithocholic acid, and glycoursodeoxycholic acid were significantly higher at older ages. Independent of age, serum taurochenodeoxycholic acid, tauromuricholic acid, and glycoursodeoxycholic acid were significantly different between 244 children with EED and 69 children without EED. Total serum bile acids (median, interquartile range) were 4.51 (2.45, 7.51) and 5.10 (3.32, 9.01) mmol/L in children with and without EED, respectively (age-adjusted, P ¼ 0.0009). The proportion of bile acids conjugated with taurine instead of glycine was higher in children with EED (P < 0.0001). Conclusions: EED is associated with altered bile acid metabolism in young children in rural Malawi. Further work is needed to determine the generalizability of these findings in other study populations.
nvironmental enteric dysfunction (EED), a clinically asymptomatic condition characterized by inflammation of the small bowel mucosa, villous atrophy, malabsorption, and increased intestinal permeability, is common among young children in low-income countries (1) . EED is considered a major factor contributing to childhood stunting (1) (2) (3) . Histologic studies of EED show mucosal T-cell activation, crypt hyperplasia, shortening of villi, and elevated mucosal proinflammatory cytokines in the small intestine (4, 5) . The gut microbiome in children with EED is presumed to be abnormal but has not yet been characterized (1) .
Bile acids are essential as detergents to aid the intestinal absorption of dietary fats and fat-soluble vitamins and for signaling in a diverse set of signaling pathways that regulate nutrient metabolism (6) . Because of abnormalities in enterocytes, low-grade inflammation, and increased intestinal permeability, EED could potentially affect the metabolism and enterohepatic circulation of bile acids. Bile acid malabsorption is known to impair the integrity and permeability of the intestinal mucosa (7) (8) (9) (10) and could play a potential role in the pathogenesis of EED. Abnormalities in bile acid metabolism could also potentially affect the absorption of fatsoluble nutrients in EED. Recent advances in stable-isotope liquid chromatography-tandem mass spectrometry (LC-MS/MS) now allow accurate quantitation of serum bile acids. Using this platform, we addressed the hypothesis that children with EED have abnormalities in serum bile acid metabolism. We tested this hypothesis in young children in rural Africa.
What Is Known
Environmental enteric dysfunction affects millions of children in developing countries. The condition is characterized by inflammation of the small bowel mucosa, villous atrophy, malabsorption, and increased intestinal permeability.
What Is New
Environmental enteric dysfunction is associated with altered bile acid metabolism. Children with and without environmental enteric dysfunction differ in total serum bile acids, specific bile acid concentrations, and bile acid conjugation by taurine versus glycine. Altered bile acid metabolism is newly identified feature in the pathophysiology of environmental enteric dysfunction.
METHODS

Subjects and Study Design
The study design was cross-sectional. The study subjects consisted of a community-based sample of 313 children, aged 12 to 59 months, seen in 6 villages (Masika, Makhwira, Mitondo, Mbiza, Chamba, and Mayaka) in rural southern Malawi in 2011. Children were eligible for the study if they were between 12 and 59 months of age, had no evidence of congenital or chronic disease, caretakerreported diarrhea, nor were under treatment for malnutrition. All children underwent anthropometry conducted by trained, experienced field workers. Weight was measured to the nearest 5 g using a digital scale (Seca 334, Chino, CA). Recumbent length (children younger than 24 months) or standing height was measured to the nearest 0.1 cm using a rigid height board (Seca 417). Height-for-age z scores and weight-for-height were calculated using World Health Organization growth standards (11) . Stunting was defined as heightfor-age z scores <À2 (11). Venous blood was drawn by study nurses and doctors. Serum samples were processed, aliquoted, and snap frozen in liquid nitrogen in cryovials within 4 hours of blood drawing. Cryovials were transferred to storage at À808C. Chichewa-speaking Malawian research nurses obtained written and oral informed consent from each child's caretaker before enrollment in the study. Community consent for the study also was obtained from the village chief and local health officials. The protocol for the present study was approved by the College of Medicine Research Ethics Committee of the University of Malawi, the Human Research Protection Office of Washington University in St Louis, and the Johns Hopkins School of Medicine Institutional Review Board. All authors had access to the study data and reviewed and approved the final manuscript.
Laboratory Analyses
The dual sugar permeability test was used as the standard noninvasive measure of gut integrity (12), as described in detail elsewhere (3) . Urinary lactulose and mannitol were measured using high performance liquid chromatography (3). A higher lactulose/ mannitol (L:M) ratio indicates greater gut permeability. Children with an L:M ratio 0.15 or greater were defined as having environmental enteric dysfunction (13) . Serum bile acids were extracted and concentrations were assessed in a masked fashion using the Biocrates Bile Acids Kit (Biocrates Life Science AG, Innsbruck, Austria) following the manufacturers protocol for the API5500 LC-MS/MS System (SCIEX, Framingham, MA) running with Analyst 1.5.2 software and equipped with an electrospray ionization source, a Shimadzu CBM-20A command module, LC-20AB pump, and a Shimadzu SIL-20AC-HTautosampler and a CTO-10Ac column oven heater. Briefly, 10 mL of the ISTD mix (10 stable isotope labeled internal standards) was pipetted onto a 96-well Biocrates plate and dried under nitrogen evaporator for 5 minutes, followed by the addition of 10-mL plasma-EDTA samples and calibration standards. The samples were dried under nitrogen at room temperature (RT) for 20 minutes 100 mL of methanol was added and incubated at RT on a shaker (600 rpm) for 20 minutes. The plate was centrifuged at 500g for 2 minutes, resulting in 70 mL of methanolic extract in the 96-deep well capture plate. The upper filter plate was removed and 60 mL of water was added to each well of the capture plate. The capture plate was incubated at RT on a shaker (450 rpm) for 5 minutes. Twenty microliters of sample was injected into the ultrahigh pressure liquid chromatography column provided from the Biocrates Bile Acids Kit coupled with a Phenomenex ULTRA XB-C18 Security Guard Cartridge, 2.1 mm ID. The mobile phase consisted of solvent A (ammonium acetate [10 mM] containing 0.015% formic acid) and solvent B (acetonitrile:methanol:water [6.5:3: Serum glycine and taurine were measured in a masked fashion using LC-MS/MS. Metabolites were extracted and concentrations measured using the AbsoluteIDQ p180 kit (Biocrates Life Science AG) following the manufacturers protocol for a 5500 QTrap (Sciex, Framingham, MA) mass spectrometer equipped with an electrospray ionization source, a CBM-20A command module, LC-20AB pump, and a SIL-20AC-HT autosampler, a CTO-10Ac column oven heater (all Shimadzu, Tokyo, Japan), and running Analyst 1.5.2 software (Biocrates), as described in detail elsewhere (14) . The inter-and intra-assay coefficients of variation were approximately 10% for bile acids, glycine, and taurine.
Statistical Analysis
Serum bile acid concentrations were skewed to higher values. Median and interquartile ranges were used to describe serum bile acid concentrations. Serum glycine and taurine were normally distributed. Mean and standard deviation (SD) were used to describe serum glycine and taurine concentrations. Wilcoxon rank-sum tests were used to compare serum bile acid concentrations and bile acid ratios between groups. Student t test was used to compare serum glycine and taurine between groups. Spearman correlations were used to examine the relation of serum bile acids with continuous variables such as age and gut permeability as measured by the L:M ratio. Statistical analyses were conducted using R version 3.1.
RESULTS
The characteristics of the 313 children in the study are shown (Table 1 ). There were nearly equal number of girls and boys. Most children were stunted. Spearman correlations between serum bile acids and age are shown (Table 2 ). Age was negatively correlated with cholic acid (CA) and chenodeoxycholic acid (CDCA) (both P < 0.0001) and positively correlated with taurodeoxycholic acid (TDCA), glycodeoxycholic acid (GDCA) and glycolithocholic acid (GLCA) (all P < 0.0001), glycocholic acid (GCA) (P ¼ 0.02), and glycoursodeoxycholic acid (GUDCA) (P ¼ 0.03). There were no significant differences in any serum bile acids between boys and girls (data not shown). The total serum bile acid composition is shown (Fig. 1) . The 3 most dominant serum bile acids were glycochenodexocycholic acid (GCDCA), GCA, and GDCA. Deoxycholic acid (DCA), taurocholic acid (TCA), taurochenodeoxycholic acid (TCDCA), and CA were the next most abundant serum bile acids. GUDCA, tauromurocholic acid (TMCA), TDCA, CDCA, GLCA, and ursodeoxycholic acid (UDCA) comprised a relatively small portion of total serum bile acids.
Serum bile acid concentrations were compared between children with and without EED adjusting for age (Table 3) . Serum TCDCA, TMCA, and GUDCA were significantly different between the 2 groups. Total serum bile acids were significantly lower in children with EED compared with children without EED (P ¼ 0.0009). Mean (SD) serum glycine in children with and without EED was 339 (105) and (312) (69) mmol/L, respectively (P ¼ 0.06). Mean (SD) serum taurine in children with and without EED was 186 (57) and (156) (50) mmol/L, respectively (P < 0.0001).
Serum bile acid ratios were examined to gain insight into bile acid conjugation (Table 4 ). The (TCAþTDCA)/GCAþGDCA), and (TCAþTDCAþTCDCA)/(GCAþGDCAþGCDCA) ratios, which provide insight into the relative proportion of bile acids conjugated by taurine, were higher in children with EED compared to children without EED (both P < 0.0001).
Spearman correlations between the different serum bile acids, glycine, and taurine, are shown (Table 5 ). In general, the highest Spearman correlation coefficients were found between the same bile acid that was conjugated by either taurine or glycine (ie, TCA and GCA, TCDCA and GCDCA, TDCA and GDCA), or primary bile acid conjugated by taurine or glycine (ie, TCA and TCDCA, GCA and GCDCA), or have similar conversion (ie, 7a-dehydroxylation, such as GCA and GDCA, TCA and TDCA). There were no significant correlations of glycine with any glycine-conjugated bile acid nor of taurine with any taurine-conjugated bile acid.
DISCUSSION
The present study suggests that young children with EED have alterations in bile acid metabolism. Total serum bile acids were approximately 12% lower in children with EED compared with children without EED. Lower serum bile acids in children with EED may be a reflection of injury to the ileum with impaired return via the portal circulation and spillover into the peripheral circulation. Higher serum bile acids most commonly reflect liver disease and impaired hepatic extraction. The lower serum bile acids in children with EED suggest that these children do not have liver disease, at least to the extent that could affect the hepatic extraction of bile acids.
The entire bile acid pool passes through the enterohepatic circulation 8 to 12 times per day, and under normal circumstances 3% to 5% of bile acids are lost in the stool (6, 15) . Thus, each day up to a third of the bile acid pool is lost and must be synthesized. In healthy adults, the liver synthesizes 500 mg of cholesterol per day, of which 90% is used for bile acid synthesis and the remainder for synthesis of steroid hormones (16) . If the modest reduction in serum bile acids is reflective of the total bile acid pool, higher hepatic bile acid synthesis may be required to compensate for this reduction.
There is a paucity of data on serum bile acids, as measured by LC-MS/MS, in children. The distribution of serum bile acids in the present study was somewhat different that the distribution of serum bile acids described in a healthy reference population of Austrian children, aged 3 to 5 years (17). The main difference was that Malawian children had a lower proportion of TCDCA comprising total serum bile acids compared with the Austrian children. Such differences, which have not been described before, may be attributed to differences in the gut microbiota between these 2 groups of children. The gut microbiome can affect the composition bile acids through dehydroxylation, epimerization, oxidation, esterification, desulfation, and other reactions in the production of secondary bile acids (18) . Conversely, the bile acid pool can affect the composition of the gut microbiome (18) . Although the gut microbiome was not directly measured in the children in the present study, it is known that children with malnutrition in the same population in Malawi have lower levels of beneficial microbiota such as Lactobacilli and bifidobacteria (19) . Exposure to Bacteroidales species and Escherichia coli, combined with a moderately malnourished diet, can remodel the small intestine in mice to resemble features of EED found in humans (20) .
There were modest differences in both serum taurine concentrations and proportion of bile acids conjugated with taurine instead of glycine in children with EED compared to children without EED. Serum concentrations of unconjugated bile acids were not different between children with and without EED, which suggests that small bowel bacterial overgrowth is not a significant problem, because elevated unconjugated bile acids occur in small bowel bacterial overgrowth (21) . Although small bowel bacterial overgrowth has been hypothesized to play an etiological role in EED, treatment of children with rifaximin had no effect on EED (22) . We measured serum taurine and glycine to examine their relation with conjugated bile acids. The present study shows no significant correlations between serum taurine and glycine and their respective conjugated bile acids. These findings, at least for taurine, are consistent with the concept that there is a partition between the systemic and enterohepatic taurine pools (23) . In the present study, the ratio of glycine-to taurine-conjugated bile acids was approximately 12:1, which is higher than has been reported elsewhere (6, 17) . The altered ratio may reflect increased bile acid turnover; however, it was more pronounced in controls compared to those with EED.
The strengths of this study are the community-based sample of children from a setting typical for EED, well-characterized study groups for EED, and the use of LC-MS/MS for absolute quantitation of serum bile acids using a validated platform. The findings of the present study cannot necessarily be generalized to other populations due to environmental, cultural, and dietary differences that could differ from the setting in Malawi. We are limited in comparison of our results with other pediatric populations, given the scarcity of studies that characterize serum bile acids in young children.
In conclusion, children with EED have altered bile acid metabolism. Further work is needed to confirm whether bile acid malabsorption is present in EED by measurement of fecal bile acid concentrations. The role of the gut microbiome in bile acid metabolism of children with EED remains uncharacterized and should be addressed in future studies. 
